Drilling during International Ocean Discovery Program (IODP) Expedition 370 at Site C0023 encountered instances of hydrothermal mineralization from 775 to 1121 m below seafloor. Fluid inclusion homogenization temperatures measured on barite veins within this interval indicate precipitation from fluids with temperatures up to 220°C, and salinities ten times higher than interstitial water (16-25 c.f. 2.8-3.6 wt % NaCl). Patches of stratabound mineralization (rhodochrosite, calcite, barite and anhydride) are largely confined to the vicinity of veins and have vertical thicknesses and extents that can be explained by precipitation within the thermal aureoles of veins. Thermal maturities measured on petroleum biomarkers in underthrust sediments record a rise from pre-oil window to early oil window thermal maturities. Basin models show that increases in thermal maturity can be explained by burial metamorphism, and kinetic-based calculations suggest that hot fluids would only have had a minimal effect on hydrocarbon generation. However, the movement of hot fluids still has geochemical implications and creates a complex thermal history where both short-duration, localized heating within fracture zones at hot temperatures (~200°C for less than 1 yr) and heating during burial over long durations (80-110°C for 0.5-2 Myrs) need to be considered.
Introduction
The seaward end of the Nankai Accretionary Complex is one of the localities where it has been suggested that catagenesis (thermal breaking of carbon-carbon bonds) in hot sediments may provide electron donors to support deep microbial communities (Horsfield et al., 2006) . Within the Nankai Accretionary Complex and some similar hot sedimentary settings, indicators of the presence of microbial communities including cell counts have been observed to "revive" as temperatures approach conditions under which organic substrates can https://doi.org/10. 1016/j.marpetgeo.2019.104080 Received 24 June 2019; Received in revised form 7 October 2019; Accepted 8 October 2019 be generated from refractory organic matter (Wellsbury et al., 1997) . International Ocean Discovery Program (IODP) Expedition 370 drilled the seaward end of the Nankai Accretionary Complex (Site C0023) to the basement (120°C) with the aim of investigating the role of temperature in controlling subseafloor life (Heuer et al., 2017, Fig. 1) . This makes the determination of paleothermal regimes crucial for geobiologists studying the evolution of the deep biosphere at Site C0023. Here we present paleothermal histories based on hydrothermal mineralization as well as the general effects of burial metamorphism.
IODP Expedition 370 drilled a single site, Site C0023, and penetrated the accretionary prism, its underthrust sediments and the oceanic crust at the Nankai Trough ( Fig. 1 ; Heuer et al., 2017) . The sediments encountered within the region follow previously established descriptions: 1) from 16 Ma to 0.7 Ma, the Shikoku Basin Formation was deposited: a succession of hemipelagic mudstones and tuffs, 500 m thick and 2) from 0.7 Ma to the present day, a 600 m thick succession of turbidite deposited sandstones, siltstones and hemipelagic mudstones accumulated (Taira and Ashi, 1993) . Although not as deformed as the landward part of the prism, detachment surfaces are present and bisect the Shikoku Basin facies (Aoki et al., 1982) into two separate domains: 1) an upper domain that comprises the prism, cut by low angle thrusts, 2) and an underthrust domain with extensional faulting (Figs. 1 and 2) .
Despite the onset of diagenetic reactions at relatively shallow depths, and the implications this has for hot fluids, mineralization associated with hydrothermal activity had not been widely reported at the Nankai Accretionary Complex (Taira et al., 1991; Kastner et al., 1993; Moore et al., 2001) . Anomalous Ca, Mg, Fe and Mn contents have been reported within sediments at nearby sites (Underwood et al., 1993) as well as anomalies of rare earth elements (Alexander et al., 1999) , and these were interpreted as umbers, implying a process typically associated with the end of rifting and low-temperature off-axis activity (Pritchard and Maliotis, 1995) . Umbers are ferruginous horizons found adjacent to oceanic basement, and common to the upper sections of ophiolites (Robertston, 1975) where enrichment in metal oxides imparts a distinctive coloration. However, as we will demonstrate, while ferruginous zones analogous to umbers are present at Site Fig. 1 . a) Map and b) cross-section providing context for the Nankai Accretionary Complex. Cross-section A-A′ redrawn from the seismic section in Heuer et al. (2017) . Shown are formation tops for the Upper (green) and Lower (purple) Shikoku Basin formations, and the base of the décollement zone. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) C0023, they are limited to sediments overlying the basaltic basement, a feature seen in umbers from type localities from Cyprus (Pritchard and Maliotis, 1995) . Their mode and habit of alteration is clearly different to the hydrothermal assemblages we present later.
Thermal maturation at sites near C0023 was previously modelled by Horsfield et al. (2006) using a basin modeling approach. In such an approach, many physical properties are made time-variant and during subsequent burial these properties approach present-day values. Timevariant properties within the simplest 1D basin models include porosity (Athy, 1930) , thermal conductivity (Midttømme and Roaldset, 1999) , fluid saturations, measures of diagenetic status (e.g. vitrinite reflectance, Sweeney and Burnham, 1990) and the thermal boundary conditions of the model. An important conclusion from previous basin modeling studies was that sites that are near to C0023, such as ODP Site 1174, while hot relative to typical sedimentary basins or ocean crust, must have been hotter in the past to account for the current diagenetic status of their sedimentary organic matter, and that the thermal conditions needed for petroleum generation are met in the deeper sections (Horsfield et al., 2006) . More generally it is also known that in comparison to neighboring localities within the Nankai Trench, and also sedimentary basins more generally, present-day temperatures at the toe of the Nankai Accretionary Complex increase rapidly with respect to depth (Harris et al., 2013) .
Hydrothermal activity and hot fluids can affect organic thermal maturity parameters in several ways. At a far-field scale, hot fluids may play a role in redistributing heat in active rifting environments, which may cause some areas of a basin to exhibit higher geothermal gradients than other areas (Parnell, 2010) . However, in this situation thermal regimes caused by the flow of hot fluids do not differ markedly from those typically expected for burial diagenesis (Mackenzie et al., 1981; Nadeau, 2011) . On the other hand, within a marine environment, hydrothermal activity has also been shown to alter the thermal maturity of organics at spreading centers (Simoneit and Lonsdale, 1982) , and within hydrothermal systems hosted within impact craters (Parnell et al., 2007) . In these cases hydrothermal systems operate at temperatures of 250-300°C, with durations of around 10,000 years. However, there are many situations where hot fluids within sedimentary basins show no measurable effects on the thermal maturity of organic matter, even though there is incontrovertible evidence for hot fluids in the form of fission tracks, fluid inclusions or mineralization consistent with higher temperatures (Lampe et al., 2001; Parnell, 2010) . In these instances hot fluids are considered to represent short term pulses, or short term events that may be at odds with both present day conditions, as well as those that typically prevailed during the past.
The aim of the current work is to elucidate the overall heating associated with hydrothermal mineralization and burial diagenesis within details of outer Nankai Accretionary Complex at Site C0023. Stratigraphic column; light green = basaltic basement; olive green = mudstones of the Lower Shikoku Basin formation, intervals with stratabound epigenetic mineralization are purple; grey, brown and pale yellow = hemiplegic mudstones of the Trench Wedge facies. The depth ranges of hydrothermal mineralization and are shown as are major thrusts within the décollement zone. b) Number of extensional faults and mineralized veins visible in hand specimen per 9.5 m interval (maximum core length), taken from Heuer et al., (2017) . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) underthrust sediments at Site C0023. The principle tools for doing this are (1) measurements of fluid inclusion homogenization temperatures and occurrences of mineralization, (2) biomarker derived measurements of thermal alteration of organic matter, and (3) models of thermal alteration within the vicinity of hydrothermal mineralization and thermal alteration due to burial (e.g., burial metamorphism of organic matter). In this approach thermal modeling is truthed against measurements of mineralization and biomarker thermal maturity parameters so that changes in temperature over geological time can be determined and the likely contribution of different heating processes evaluated.
Material and methods

Geological setting for C0023
Sediment cores were sampled during IODP Expedition 370 -Temperature Limit of the Deep Biosphere off Muroto. Site C0023 (32°22.00′N, 134°57.98′E) is located in the vicinity of ODP Sites 808 and 1174 at the protothrust zone in the Nankai Trough off Cape Muroto at a water depth of 4776 m (Fig. 1 ). These sites are located at the seaward end of the Muroto Transect, which is part of a series of NW to SE transects covering the off-shore geology of Southeastern Japan. Site C0023 is one of the most easterly in region, with only Site 1173 being further off-shore and eastward of the seafloor expression of the Nankai Trough (Heuer et al., 2017) . During Expedition 370, aboard D/V Chikyu, cores were recovered at typically 3-9 m lengths between 189 and 1177 m below seafloor (mbsf), which was sectioned and subjected to x-ray computed tomography (XCT) imaging before visual description (Heuer et al., 2017; Tonai et al., 2019) . Samples used for this study are listed in Tables 1 and 2. In terms of general geological setting, the basaltic basement at site C0023 is overlain by sediments deposited from the Miocene to Quaternary (Hagino and the Expedition 370 Scientists, 2018) , with the bottom section deposited in an ocean basin (Taira and Ashi, 1993) . The site experienced sedimentation under trench conditions from the Pleistocene to the present day due to the subduction of the Philippine plate beneath the Pacific Plate, and in this relatively short period of time a further a further 600 m of sediment rapidly accumulated (Heuer et al., 2017) . Site C0023 is at the seaward-end of the Nankai Accretionary prism, which has formed by the off-scrapping of sediment from the descending Philippine Plate (Pisani et al., 2005) . Because of the location of site C0023 at the most distal end of the prism it is only minimally influenced by structural deformation, and this influence manifests as a proto-décollement zone comprising brecciated and intact intervals separated by low angle thrusts between 758 and 796 mbsf (Heuer et al., 2017) .
Data sources
Geological description, including microscopy and scanning electron microscopy, downhole temperature data, porewater concentrations, xray fluorescence (XRF) elemental oxide abundances and scanning XCT data were taken from Heuer et al. (2017) and methods for their acquisition are reported therein. The homogenization temperatures of aqueous fluid inclusions were measured at the University of Aberdeen using a THMS-600 heating-freezing stage mounted on a Nikon Labophot transmission light microscope. The instrument is equipped with a range of objective lenses including a 100 × lens which was used for this work and was calibrated against synthetic H 2 O (374.1 and 0.0°C) and CO 2 (−56.6°C) standards (Synthetic Fluid Inclusion Reference Set, Bubbles Inc., USA). The homogenization of aqueous two-phase inclusions was taken to indicate the temperatures at which the host mineral phase precipitated. Considering the possible range of pressures under which the inclusions were formed (between the seafloor and the present depth) and the observed salinity, we use the SoWat NaCl-H 2 O package (Driesner and Heinrich, 2007; Driesner, 2007) to calculate the pressurecorrected ranges of trapping temperatures. Data are reported in Table 1 .
GC-MS analysis of biomarkers
Samples were solvent extracted using Soxhlet apparatus (5-25 g of sediment or rock was extracted in dichloromethane/methanol 93:7 v/v for 48 h). The extract was fractionated using flash mini-column chromatography (silica column; hexane for saturated fraction; 3:1 v/v hexane/dichloromethane for aromatics fraction; 2:1 v/v dichloromethane/methane for polar fraction). The resulting saturate fraction was analyzed by gas chromatography-mass spectrometry (GC-MS). GC-MS was performed using a 6890N Network GC system interfaced to a 5975 inert mass selective detector. A PTV in injector (300°C) operating in splitless mode was used and the GC temperature program was as follows; 60°C-120°C at 20°C/min then from 120°C to 290°C at 4°C/min. The column was Greyhound GC-5 (an HP-5 equivalent phase; 30 m length, 250 μm ID and 0.25 μm film thickness). The MS was operated in selected ion monitoring mode (less than 30 ions with a dwell time of less than 40 ms, ions included the m/z ions 85, 113, 183, 189, 191, 205, 217, 218, 259) . Compounds were identified by reference to well-characterized samples of bitumen of analogous thermal maturity (sample of brown coal and a laboratory sample of North Sea Oil). Biomarker thermal maturity parameters are noted in the text and are expressed as a percentage (a number from 0 to 100). Inputs for biomarker thermal maturity parameters were measured using peak areas of compounds on the m/z 191 ion chromatogram for hopanes and m/z 217 ion chromatogram for steranes (measurements made using MSD-Chemstation). Ion chromatograms illustrating pre-oil window and oil window biomarkers are shown in Supplementary Information 1. Samples that are pre-oil window but beginning to evidence thermal alteration (e.g., depths 700 to about 950 mbsf) generally have far higher proportions of the thermally immature C 30 17,21 ββ (H) hopane, and the C 31 17,21 ββ (H) 22R hopane (Farrimond et al., 1998) . Samples that are in the oil window (about 1000 mbsf) have higher proportions of the 5α,14α,17α(H) 20(S) sterane isomer. These compounds were used to calculate the thermal maturity parameters described later. Data for biomarker thermal maturity parameters are presented in Table 2 .
Thermal modeling of thermal aureoles around veins
Thermal modeling of alteration aureoles around veins was performed using Thermic, a finite element heat flow-modeling program (Bonneville and Capolsini, 1999) . Models comprised a grid with ã 100 m spacing and localized refinement around regions of hydrothermal alteration. To establish the background heat flow regime, models were run to recreate present heat flow distributions obtained for Site C0023 during Expedition 370 (Heuer et al., 2017) . To simulate the effects of temporary heating within mineralized regions of interest, a single line of nodes was instantaneously set to temperatures observed within fluid inclusions. Heat from this zone was allowed to dissipate and warm the neighboring region within the model. Particular attention was paid to the period of time at which temperatures were maintained at a level that permitted mineralization. Heating durations even a few days longer predicted far larger aureoles than those observed in the cores of Site C0023. The effect of this short-lived heating and cooling on surrounding sediments was evaluated at three depths within underthrust sediments. Time and temperature curves representative of cooling at different depths are presented in Table 3 and an example is plotted in Fig. 3b and c.
Basin modeling
Basin modeling was performed using the commercially available basin modeling package Petromod 2017. A 1D model was constructed Fig. 4a . The model was populated with physical properties calculated for three-endmember mixtures of mud, volcaniclastic fragments and sand using the library inbuilt within Petromod. The models of porosity and thermal conductivity and their goodness of fit to measured data are shown within Fig. 4b . The fit of the lithology-modelled physical properties and those measured in the laboratory is mostly good (capturing features such as the thermal blanketing effect of overlying sediment), but the thermal conductivities both measured (real) and modelled are lower than those used in previous studies for nearby Site 1174 (Horsfield et al., 2006) . The lithological data used to model physical properties were taken from Heuer et al. (2017) and derived from core description and smear slide petrography. Age data was taken from Hagino and the Expedition 370 Scientists (2018) with the base of the Pleistocene between 639.982 and 630.44 mbsf, and the base of the Pliocene between 796.53 and 769.44 mbsf.
A range of heat flow models was evaluated but only models in which past heat flows were higher than at the present day could match both biomarker thermal maturity parameters and present day temperature values, without physical properties of the model being altered (both petrophysical and geological). In this way our work is consistent with that of others (Horsfield et al., 2006) ; and shows that Site C0023, like Site 1174, is cooling at the present time. Much work has been undertaken in the region and many different palaeoheatflow cases could be justified (heat flow regimes both hotter and cooler than the present day), but we choose to derive paleoheatflow from well-cited accounts of the tectonic evolution of southeast Japan present in peer-reviewed literature (Mahony et al., 2011) ; in short, Site C0023 has experienced a transition from ridge-centered volcanic activity at a spreading center to regionally prevalent magmatism and the present-day subduction zone where hot fluids may circulate within the basement. Spreading processes within the Shikoku Basin started at 26 Ma and stopped around 15 Ma (Okino and Kato, 1995) , and indicate the heat flow would therefore be high before 15 Ma but decrease rapidly after 15 Ma. This was embedded within the model by letting Site C0023 transition through a cooler range of off-axis heat flows measured at spreading centers at the present day (Johnson et al., 1993insert in Fig. 4b ). Note that Site C0023 is subducted hot, before it cools to one of the lowest heatflows found at inactive spreading centers, and also that the highest temperatures associated with volcanic magmatism are not included in the model (these temperatures would not interact with the basin-fill). From 2 Ma to present, the number of polygenetic volcanoes along Kyushu notably increased, at least relative to periods of time before 2 Ma (Mahony et al., 2011) . Within our model this relatively far-field aspect is represented by a brief increase in past heat flow around 2 Ma (in both our work and that of Horsfield et al., 2006 this is important for Horsfield et al. (2006) . e) and f) are cross plots illustrating goodness of fit between modelled and measured parameters (black lines are 1:1). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) matching thermal maturity observations). At present, the heat flow in Hole C0023A is 140 mW m −2 , based on shipboard results (Heuer et al., 2017) . Thus from 2 Ma to the present day, Site C0023 cools and transitions through the range of heat flows known from the eastward side of the Muroto transect (Harris et al., 2013) . While it is the case that biomarker-calibration data could only be matched by models in which heat flow at Site C0023 declined from 2 Ma, formations in underthrust sediments have only recently begun to cool from about 0.1 Ma. Thus despite a recent cooling, heat flow at Site C0023 is nonetheless high relative to typical sedimentary basins (MacKenzie and Craw, 1993; Nadeau et al., 2011) .
Aside from basal heat flow, the other major boundary condition which can be time variant is the sediment-water interface temperature (SWIT). Along with present day measurements of downhole temperature, past sediment water interface temperature forms a crucial boundary condition that the model recreates (at each timestep in the case of SWIT). Past SWITs were set to a constant value of 2°C (present day temperature) to avoid having multiple variant boundary conditions, for a parameter which has likely varied little (the site has been in deepwater environment since basement formation). Burial curves indicative of thermal regimes within the underthrust sediments are presented in Table 4 .
Results
Disposition, petrography and heat-flow models of hydrothermal mineralization
A distinctive difference between the characterizations of Sites 1174 (Underwood et al., 1993) and C0023 was the recognition of hydrothermal mineralization between 775 and 1121 mbsf at Site C0023. The mineralization has two elements: veins and stratabound patches of paleyellow alteration 10-50 cm thick. The patches of stratabound alteration do not pervade the entire interval, but instead are interspersed as distinct packages within host-sediment ( Fig. 5a ). At its most intense, patches of pale-yellow alteration cluster around burrows and fade laterally with distance from a center or core in which coloration is all-pervasive. Such mineralization is not found in burrows in overlying sediments (contrast Fig. 6a and b to 6c) . The pale-yellow patches correspond to increases in density measurable by XCT (see Tonai et al., 2019 for further description). This disposition contrasts to that of the umber at the base of the site where reddening is more uniform and bedding parallel (Heuer et al., 2017) .
Different zones of mineralization are shown in Fig. 6 and these represent an increasing prevalence with depth, although it needs to be noted that mineralized intervals are never all-pervasive and that unaltered lithologies always dominate. In the shallowest Zone I (Fig. 6) , vein mineralization is present, and there is less deformation of veins and no stratabound alteration patches. In Zone II, stratabound mineralization is observed in addition to barite veins, but it is of low prevalence. In Zone III, vein and stratabound mineralization is typically more pervasive and trapping temperatures of fluid inclusions exceed that needed for the precipitation of barite under the condition of retrograde solubility.
The vein mineralization consists of crystalline barite and minor anhydride. It occupies extensional faults within the underthrust domain ( Figs. 2 and 7) and is not present in the basaltic basement or overlying prism sediments. The extensional faults hosting barite veins may have developed early in the Shikoku Basin sediments, during their accumulation in a back-arc rift (Hibbard et al., 1993) , and/or developed subsequently or been reactivated as sediments shear parallel to the direction of the subducting plate (Bangs et al., 2009 ). The veins have varied morphologies and are present as both void-filling euhedral crystals (e.g., 832 mbsf) indicating growth within open spaces (suggesting that faulting has not yet affected newly formed mineralization, Fig. 7a ) and also as slicken-crysts (e.g., 931 mbsf, Fig. 7b ) indicating deformation of veins within active fault planes. In some cases, the veins are multigenerational ( Fig. 7c ) and one phase of mineralization is discordant within the shear fabric developed in another, indicative of multiple phases of fracture-opening and mineralization (Bons et al., 2012) . Thus some of the mineralization has not been affected by recent deformation phases, implying a relatively recent origin, or that some at least postdates the extensional straining of sedimentary fabrics.
Stratabound mineralization when most intense overprints the entirety of the original sedimentary fabric, whilst at the margins or where less intense it can be seen to preferentially follow burrows and related ichnofabrics ( Fig. 5a and b ). Rhodochrosite-rich patches are often yellow, but notably pink when mineralization is less pervasive (Fig. 5b) . Euhedral Barite within burrows can be seen to have intergrown with rhodochrosite, calcite and smectite (Fig. 8a) Replacement of diatoms and other bioclasts by rhodochrosite and barite is common (Fig. 8a) and where replacive mineralization is sufficiently pervasive, the detailed morphology of pre-existing clasts is not seen (Fig. 8b) .
Euhedral barite in underthrust sediments reveals the low-temperature hydrothermal nature of the mineralization. The barite contains two-phase aqueous inclusions with homogenization temperatures ranging from 98 to 100°C at 822 mbsf to 128-175°C at 1010 mbsf (+/-5°C). Larger fragments of vein-barite recovered at 1010 mbsf (Fig. 7d ) yielded melting temperatures of −19 to −24°C, indicating salinities of 16-25% NaCl equivalent (Table 1 ). This range of homogenization temperatures and salinities is typical of hydrothermal mineralization formed from the mixing of deeper, more-saline fluids (> 5% NaCl equivalent), and less-saline interstitial water (e.g., the Irish type and the "epithermal" type fields in Wilkinson, 2001 ). The ranges are distinctively different from the present-day temperature and salinity at Site C0023 for all the depths where fluid inclusions have been measured (present day temperatures are less than 120°C and interstitial water has 3 % wt equiv. NaCl, Heuer et al., 2017) . Considering the salinity ranges measured for the fluid inclusions, and allowing for the formation of the barite at depths from~4776 m subsea to present-day subsurface depths (5956 m subsea), likely trapping temperatures can be calculated for the fluids. These data are shown in Table 1 , where the lower bound of trapping temperatures represents trapping at the seafloor whilst the upper bound trapping at overburden pressures equating to the current depth of the barite. Fluid inclusions in the barite at 822 mbsf were trapped at 118-141°C, whilst at 1010 mbsf temperatures were 146-219°C.
Heat-flow models were used to evaluate the size of the thermal aureoles created by the incursion of hot fluids into faults and permeable sedimentary fabrics such as burrows, and the capacity of this heating to produce mineralization. In our models, heating occurs as time-limited events, in which a small region is heated to 180°C (the highest homogenization temperature from fluid inclusions) and then allowed to cool. The models showed that further than 30 cm away from the vein or alteration patches, temperatures would not be greatly elevated above background levels (Fig. 3b and c) .
Such thermal alteration is relatively mild, but sufficient to change the solubility of the sulfate and carbonate minerals observed (i.e. the tendency for certain minerals to be less soluble at higher temperaturesthis temperature is plotted for barite in Fig. 6a ; Blount, 1977; Plummer and Busenberg, 1982; Wolfram and Krupp, 1996) . Under hydrostatic pressures within the underthrust sediments, and for the concentration of barium dissolved within porewaters (< 120 μM from Heuer et al., 2017), retrograde solubility for barite would occur above 145°C and would vary only slightly with pressure for the range of hydrostatic pressures under consideration (Blount, 1977) . Similar solubility behavior can be assumed for carbonate mineralization (Plummer and Busenberg, 1982) . Temperature curves representative of cooling at different depths are presented in Table 3 . We note also that the deepest zone of mineralization (Zone III), exhibits fluid inclusion temperatures that can exceed that needed for retrograde solubility by the greatest amount ( Fig. 6a ) and that here dissolved inorganic carbon concentrations are lowest and carbonate concentrations greatest ( Fig. 6c and d) .
Biomarker measures of thermal maturity
Thermal maturation was gauged by using three biomarker thermal maturity parameters calculated from hopane and sterane biomarkers. The benefit of using three thermal maturity parameters is that they can be cross-compared for consistency. This is done in Figs. 9 and 10 . All three parameters indicate exposure to thermal regimes in which catagenesis has begun, but prolific petroleum generation is mostly absent; e.g. a thermal state in which the generation of hydrocarbons is not yet prolific or at a commercial rate but where organic compounds such as biomarkers are being released from kerogen (VRE~0.65-0.70%taken from Killops and Killops, 2005) . The hopane % ββ parameter captures the declining proportion of 17,21 ββ (H) hopane. This decline occurs because 17,21 ββ (H) hopane is thermally broken-down at the onset of petroleum generation (% ββ < 0.1) and because other, more thermally stable, hopane isomers are generated from kerogen decreasing its relative proportion (the onset for this is at % ββ < 0.4 - Farrimond et al., 1998) . Values for the % ββ parameter less than 10% are found only at the base of the hole, whereas values of 40% are found beneath 890 mbsf and at some regions from 820 to 870 mbsf (Figs. 9 and 10).
At Site C0023 the sterane % 20S parameter closely mirrors the % ββ hopane parameter. Unlike the 17,21 ββ (H) hopane, the 5,14,17 ααα(H) sterane isomers have thermal stabilities that help them persist further into the oil window. Values of the 20S parameter greater than 40% are associated with petroleum generation, whereas values less Fig. 5 . Stratabound mineralization. a) Less intense i) and intense ii) stratabound mineralization in Lower Shikoku Basin formation (core 87R-5)~904 mbsf, Mncarbonate mineralization (pale brown and pale yellow) follows burrows. iii) Rhodochrosite mineralization only. b) Stratabound mineralized burrows (e.g., iv) strained so that burrows are compacted (see arrows) relative vertical dimension and elongated relative to horizontal dimension (core 89R-1, 919 mbsf). c) Unaltered burrows (e.g., v) from the overlying accretionary complex. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) than 40% but greater than 20% are associated with mild levels of catagenesis and the generation of the 5,14,17 ααα(H) 20 S isomer from kerogen (Farrimond et al., 1998) . Thus beneath~1075 mbsf, where the sterane parameter exceeds 40% rates of petroleum generation could be significant.
The % 22 S hopane parameter is also shown ( Figs. 9 and 11 ). It shares similarities with both the % 20S sterane parameter and the % ββ hopane parameter; high values at the base and some higher values from 800 to~850 mbsf. The main difference between the % ββ hopane and %20S parameter and the % 22 S hopane parameter is between 850 and 950 mbsf, where its values are as high as 55% (indicating a high thermal maturity), but the other parameters indicate much lower thermal maturities. An aspect of the organic matter that was noted by Horsfield et al. (2006) was the high proportion of reworked organic matter (organic matter that has already been thermally matured in another setting prior to its deposition). Sedimentary organic matter in subsea volcanic sediments can acquire a thermal history sufficient to form petroleum biomarkers (Bowden et al., 2016) , and as hopanes are more chemically resistant than steranes in surface environments (Watson et al., 2002) and more thermally resistant than ββ hopanes (Farrimond et al., 1998) , reworked and resedimented thermally mature organic matter would contain higher proportions of 22S hopanes. Thus while all the three biomarker parameters are mostly consistent in portraying similar levels of thermal alteration at most depths, for the narrow depth range between 900 and 950 the high values observed solely for the 22S hopane-parameter are likely due to reworked organic matter that has already experienced a thermal history.
Discussion
Paragenesis and the passage of hot fluids
A paragenetic sequence of events for Site C0023 is summarized in Fig. 11a . Mineralization within sediments immediately overlying the basaltic crust comprises heamatized sediments and limited deposition of calcite veins (Fig. 11b and c) . Both reddening and calcite veins are also found in underlying basalts to a limited degree; veins are mostly on the surfaces of pillows and where red clays are present within the basalt they coat inter-pillow voids (e.g., the surfaces of pillows). The close spatial association of reddening and basalts, low-temperature mineral assemblages such as calcite, and vein systems that penetrate both crust and sediment are features described from umbers (Robertston, 1975; Pritchard and Maliotis, 1995) . This mineralization style is not found in the overlying intervals above 1124 mbsf at Site C0023 (sediments in this region are not in contact with basalt).
The relative timing of barite, anhydride and rhodochrosite mineralization 775 to 1121 mbsf within burrows can be obtained by comparing the presence or absence of deformation features. For stratabound mineralization it is notable that some of the mineralized burrows within hydrothermal aureoles are strained relative to their counterparts above the décollement zone (compare Fig. 5a oblate burrows and 6b sheared burrows). Therefore some of the mineralized burrows are contemporaneous within ongoing deformation but others predate it. Similarly, for the veins there are several instances where there are single slickencrysts (Fig. 7b) indicating single deformation phases, whereas other veins evidence multiple phases of crack and seal (Fig. 7c ). However, euhedral crystals are present in some intervals (Fig. 7a ), and these are clearly undeformed suggesting a phase of veinformation that postdates deformation in the underthrust sediments. The co-occurrence and intergrowth of barite and rhodochrosite in burrows, and co-occurrence of barite veins and stratbound mineralization suggest that some phases of stratabound mineralization overlap (Fig. 8 ).
Barite and rhodochrosite both have densities significantly higher than the formation's bulk density e.g. > 3.5 g cm −3 compared to < 2.5 g cm −3 (Heuer et al., 2017) , and thus anomalous XCT densities can be used to map veins, stratabound patches and the thickness of mineralized intervals (Supplementary Information 2) . The thickness of a mineralized interval can be modelled by considering the amount of time that a region spends in a condition of retrograde solubility subsequent to the ingress of hotfluid. This is graphically illustrated in Fig. 3b and c. Very little additional heat is conducted to sediments further than 50 cm from a vein (Fig. 3b) and after 3 days no thermal signature remains and temperatures are significantly reduced after 1 day (Fig. 3c ).
There is a good correspondence between our model predictions and the measured thickness of mineralization-anomalies seen in shipboard XCT data (Supplementary Information 2); e.g. and it can be shown that anomalous densities are not observed in regions too distant from a vein to have been heated above precipitation temperatures (Tonai et al., 2019) . It appears that the incursion of hydrothermal fluid into the underthrust sediments must be time-limited. Models in which fluid flow was sustained for longer durations predicted alteration halos far larger than observed. This is also supported by biomarker thermal maturity parameters. Although the low-temperature hydrothermal fluid only affected localized areas in the underthrust sediments and is episodic, it may have important implications on the subseafloor biosphere as the temperatures encountered within the aureoles of the veins exceed the upper temperature record (122°C) of hyperthermophiles grown in laboratory cultures (Takai et al., 2008) .
Thermal history and thermal anomalies
The sterane % 20S and hopane % 22S parameters both have kinetic models assigned to them based on experimental studies and have been validated in a number of settings (MacKenzie and Craw, 1993) . Such models are important because they permit the effects of both duration of heating and temperature to be evaluated and this allows the investigation of the effects of burial diagenesis and heating within the thermal aureole of a mineral vein to be modelled. Excepting the elevated thermal maturities of some samples 800-850 mbsf (as noted earlier), the raise in thermal maturity observed from 890 to 1160 mbsf for the sterane % 20S and hopane % 22S parameters within the zone affected by hydrothermal mineralization can be explained by burial diagenesis and heating at temperatures generally less than 120°C. This temperature is considerably lower than the pressure-corrected temperatures obtained from fluid inclusions (118-219°C), therefore biomarker thermal maturity data suggest that sedimentary organic matter in underthrust sediments has not been heated for sufficient duration by the passage of hot fluids to be measurably altered.
Short lived thermal events are commonly recorded within sedimentary basins worldwide, although their context varies. They can be defined as instances where temperature observations (direct measurement, or temperatures obtained from fluid inclusion or fission-track analysis) decouple from temperatures obtained from kinetic-dependent parameters such as virtinite reflectance, smectite-illite and/or opalquartz conversion or certain biomarker thermal maturity parameters (Parnell, 2010) . This decoupling occurs because many kinetic-dependent geochemical proxies require long durations to change at a specified temperature. Specific examples within the temperature ranges encountered at Site C0023 include the Hedeberg group in the central Appalachians (Dorobek, 1989; Machel and Cavell, 1999) , the Timor Sea (O'Brien et al., 1996) , the UK Atlantic Margin (Parnell, 2010) and the Burgan and Umm Gudair fields in Kuwait (Al-Hajeri et al., 2017) . In these cases, hot fluids with temperatures of 200°C or greater are evidenced or measured in fluid inclusions, etc., but because heating is for durations generally less than 100,000 years, kinetic dependent-parameters evidence little to no alteration (Lampe et al., 2001) .
If the heating at Site C0023 was not sufficiently long in time to alter a parameter, it is reasonable to consider how many cycles of heating within the aureole of a vein would be sufficient to bring about a change in thermal maturity, or what temperature might be needed. Fig. 12 illustrates the number of episodes of heating at 180, 270 and 360°C needed to thermally alter biomarkers within sediments (e.g. repeated exposure to the heating/profile shown in Fig. 3c ). For there to be a measurable change in the thermal maturity of organic matter as a consequence of the influx of mineralizing fluids there would have to be many cycles of heating (100's of thousands of such events during the Quaternary) or the fluids much hotter (e.g. much hotter than 300°C). The temperatures shown in Fig. 10 , that could cause changes in thermal maturity (> 300°C) match those used for the artificial maturation of biomarkers under experimental conditions (Mackenzie et al., 1981, e .g. the model results match laboratory measurements). Consequently, it can be shown that some organic matter at C0023 is thermally mature with respect to the onset of hydrocarbon generation (Fig. 10 ) because of burial diagenesis and not be because of the passage of hot fluids. Currently the only region presenting a thermal maturity anomaly (measurable in all three biomarker parameters) that cannot be explained by burial diagenesis is at the base décollement.
Despite differences between the models used for Sites C0023 and 1174 (this study and Horsfield et al., 2006) , such as the thermal conductivity of sediments and calibrants used for thermal maturity, similar conclusions are drawn. The important conclusions are that the basal section of the Lower Shikoku Basin has been sufficiently heated by burial metamorphism to generate hydrocarbons, and the underthrust sediments need to have experienced a higher heatflow in the geological past to account for the current condition of the sedimentary organic matter. Excursions seen in the three biomarker thermal maturity parameters can be accounted for by normal burial diagenesis and short lived thermal events have little effect on sedimentary organic matter; they would not generate additional petroleum from sedimentary organic matter at depths between 950 and 1112 mbsf. While it is conceivable that multiple episodes of short-lived fluid migration could alter kinetic-based geochemical parameters, there is no evidence for this at Site C0023.
Conclusions
The phenomena of hot fluids minimally altering the thermal maturity of kinetic-based parameters, but leaving evidence of its presence in mineral phases has previously been recognized in continental basins worldwide; the data presented here represents the first instance of the effect being observed in ocean sediments and ocean sedimentary basins. Mineralization assemblages in the underthrust domain formed from low-temperature hydrothermal fluids at IODP Site C0023. Mineralization includes veins and stratabound alteration patches rich in barite and rhodochrosite. The fluid inclusions trapped in barite crystals reveal homogenization temperatures of 98-175°C and pressure-corrected trapping temperatures of 118-219°C. This mineralization has no measurable generative effect with respect to hydrocarbons or petroleum generation. The current thermal maturity of organic matter at Site C0023 can mostly be explained by a conventional burial diagenesis, taking account of past tectonic settings.
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